To improve the power density of aviation electric drive system, the high-speed permanent magnet machines has more and more popular in the air compressor, radial compressor, and electro-hydrostatic actuator applications. Two methods have studied to reduce the rotor eddy current losses in high-speed permanent magnet machines in this paper. Firstly, rotor eddy current losses at different stator slot openings are investigated, the stator core loss are considered simultaneously. Secondly, to reduce the magnet eddy current loss in carbon fiber retaining sleeve, the copper shield is added between permanent and carbon fiber, and the rotor eddy current losses at different copper shield width are studied.
Introduction
The high-speed permanent magnet brushless machines have more and more popular in the air compressor, radial compressor, and electro-hydrostatic actuator for aircraft applications [1] . The rotor eddy current loss is generated when the permanent magnet brushless machines operations, the rotor eddy current loss will induce the temperature rise especially on high-speed operation [2] . Due to the weak cooling situation on rotor, the high temperature will cause the magnets performance reduction and irreversible demagnetization [3] . Therefore, the low rotor eddy current losses structure is a key factor in the high-speed permanent magnet brushless machines design stage for aircraft applications. For the high-speed permanent magnet brushless machines, the magnets should be protected by add high-strength retaining sleeve against the centrifugal force [4] . The sleeve can be made of metal such as stainless steel, titanium or Inconel, or made of fiber such as glass fiber or carbon fiber. Many scholars have studied the rotor eddy current loss in high-speed permanent magnet brushless machines. The influence of stator slot openings for the rotor eddy current losses has studied in [5] , the larger the slot opening is, the more significant the rotor eddy current loss. Only considerate the influence of rotor eddy current losses, not consider the stator core losses. The rotor eddy current losses at different retaining sleeve material are analyzed in [6] , it has found the rotor eddy current losses is the minimum when the retaining sleeve material is carbon fiber, but not segregation of the rotor eddy current losses. A high conductivity materiel added between the magnets and the carbon fiber has been studied in [7] to reduce the magnets eddy current loss, but the reason is not clearly. This paper studied on rotor eddy current losses in high-speed permanent magnet brushless machines. The methods of reduction rotor eddy current losses are investigated. The influence of stator slot openings width in the stator core losses and rotor eddy current losses are analyzed. A copper shield has added between the magnets and the carbon fiber. The conclusion of optimal width of copper shield has been analyzed.
Machine Specification
The high-speed permanent magnet brushless machine consists of the stator, rotor, air-cool enclosure, and air bearing. The structural diagram of the high-speed permanent magnet brushless machine is shown in Figure 1 . The stator has the iron core and three phase windings, and the rotor has the carbon fiber retaining sleeve, magnets, and the shaft. The rated power of the high-speed permanent magnet brushless machine in this paper is 45 kW, and the rated speed is 90000 r/min. The specification of the investigated high-speed permanent magnet brushless machines is shown in Table 1 . Figure 2 shows the stator core losses and rotor eddy current losses density distribution at different stator slot openings of high-speed permanent magnet brushless machines. The material of retaining sleeve is the carbon fiber, B s0 is the width of stator slot openings, the current I is 160 A, and the frequency is 1500 Hz. It can be found that the rotor eddy current losses are focus on the retaining sleeve and magnets, the shaft is very small. The rotor eddy current losses of the enclosure slot are 53.8 W, B s0 = 2 mm are 62.9 W, B s0 = 4 mm are 76.4 W, B s0 = 6 mm are 124.2 W. From the region 2 in Figure 2 , it should be pointed out that, with the increase of stator slot openings widths, the rotor eddy current losses are increased. The cause is the larger the slot opening is, the severer the permeance variation, and the more significant the rotor eddy current losses. It can be found that, the rotor eddy current losses are the minimum when the stator slot openings selected as the enclosure slot. However, the stator core losses should be considerate when we calculated the whole power losses, because the stator core losses are the main component of power loss in the permanent magnet brushless machines under high-speed operation. They depend essentially on the flux-density waveform of stator core and rotor core, the magnetic field in the machines includes much time harmonics. The core loss with the Fourier transformation of the flux-density waveform at each point can be expressed as m a x m a x where W e is eddy current losses, W h is hysteresis losses, f 1 is the fundamental frequency, k en is an eddy current component coefficients, k hn and a are hysteresis component coefficient, n is the nth harmonics components.
The stator core loss and rotor eddy current losses at different slot openings width are shown in Figure 3 . Combine the region 1 in Figure 2 , with the increase of stator slot openings widths, and the stator core losses are decreased. The stator core losses are the maximum when the stator slot openings selected as the enclosure slot, which 1820.6 W. The cause is that, the enclosure slots parts are short circuit severely, it will reduce the distortion of the stator core losses. Therefore, tradeoff design the stator core losses, rotor eddy current losses, and winding process, the stator slot openings width is selected as 3 mm. The rotor eddy current losses are 67 W, and the stator core losses are 1385.8 W. 
Influence of conductive shield
The rotor eddy current losses are focus on the retaining sleeve and magnets when the material of retaining sleeve is the carbon fiber. To reduce the magnet eddy current loss, the method is preventing the harmonics eddy current permeate into the magnets. A high conductivity materiel can be added between the magnets and the carbon fiber. Thus, the harmonics eddy current is focus on the shield not to the magnets. Although the eddy current leads to an extra loss in the shield itself, the loss is not high because the resistance of the shield is small. Therefore, the overall rotor eddy current loss can be reduced by employing the conductive shield. Figure 4 . shows the copper shield is added between the permanent and the carbon fiber. The added copper shield will influence the rotor eddy current losses. The width of copper shield should be analysed. The rotor eddy current losses density distribution at different copper shield width is shown in Figure 5 , where the d is the width of copper shield. It can be found that, the magnet eddy current losses density is extremely reduced when the copper shield width is 0.6 mm. The eddy current losses density of copper shield is higher than the magnets. To clearly show the proportion of rotor eddy current losses, the segregation of rotor eddy current losses at different copper shield width are shown in Figure 6 . 
